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1991-7902/Copyrightª 2015, AssociatioAbstract Background/purpose: The current study aimed to determine the intra- and inter-
rater, and intersession reliability of the determination of the morphological parameters of
the human mandible using cone-beam computed tomography (CBCT)-synthesized cephalo-
metric radiographs.
Materials and methods: CBCT data of 12 mandibles were obtained and used to generate syn-
thetic cephalograms via a digitally reconstructed radiography (DRR) technique. Eleven land-
marks describing the key morphological features of the mandible on each DRR-synthesized
cephalogram were identified manually six times by one senior and one junior dentist. The
operation was repeated 5 days later. Twelve parameters based on interlandmark line segments
and their angles were calculated. Testeretest reliability was assessed in terms of intraclass
correlation coefficient (ICC) and coefficient of variation (CV) using a two-way mixed-effects
model. The paired-sample t-test was used to compare differences between examiners and ses-
sions. A one-sample t-test was employed to assess whether the difference between the exam-
iners was significantly different from zero.
Results: Very good intrarater (senior: ICC > 0.93; junior: ICC Z 0.78 for CdP-GoP, ICC > 0.91
for other parameters), inter-rater (ICC Z 0.62 for CdP-GoP, ICC > 0.84 for other parameters)
and intersession reliability (ICC > 0.84 for all parameters and examiners; ICC Z 0.74 for CdP-
GoP for junior examiner) in measuring mandibular morphological parameters were found.
Conclusion: These results suggest that very good reliability could be achieved via manual iden-
tification of the anatomical landmarks without the effects of factors such as malpositioning ofBiomedical Engineering, National Taiwan University, No. 1, Sec. 1, Jen e Ai Rd., Taipei 100, Taiwan.
(T.-W. Lu).
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310 H.-S. Lin et althe head during imaging. Further investigations using the current DRR-based approach will be
needed to evaluate the individual effects of these other factors on the morphological measure-
ments.
Copyright ª 2015, Association for Dental Sciences of the Republic of China. Published by Else-
vier Taiwan LLC. All rights reserved.Introduction
Cephalometric radiographs have long been used for ortho-
dontic and surgical treatment planning, and for studying
the dentaleskeletal relationship.1,2 The information of the
growth patterns of the mandible related to orthodontic
treatment or craniofacial surgery has also been quantified
using cephalograms.3,4 Cephalometric radiographs are easy
to use and provide useful information to the dentists but
they are limited to two-dimensional (2D) projective images
of a three-dimensional (3D) object, i.e., the mandible,
from the single X-ray source. Therefore, the same bone at
different distances from the image plane would produce
bone images of different sizes, position, and intensity,
leading to errors in measurements and thus the subsequent
interpretations.5,6
There are several factors that can affect cephalogram-
based morphological measurements of mandibular growth,
including identification of bony landmarks, experience of
the examiner, superimposition of craniofacial structures,
and positioning of the head during imaging.6,7 These factors
often have coupled effects on the morphological measure-
ments. For example, both head rotation and superimposition
of the craniofacial structures with themandible increase the
difficulty in identifying the bony landmarks, leading to errors
in the subsequentmorphological measurements.8,9 Although
knowledge of the effects of these individual factors helps to
identify the measures to take to minimize the measurement
errors, this has not been achieved because these factors are
not separable in real life conditions. Therefore, measure-
ment errors remain the major source of uncertainties in
various applications such as the diagnosis, planning, and
evaluation of treatment. Moreover, because these morpho-
logical measurements may be taken by the same and by
different clinicians of different experiences, and at
different stages in the management of one patient, it is also
necessary to determine if the measurements used are reli-
able both within (intrarater) and between clinicians (inter-
rater), and between sessions (intersession).
Studies on the reliability of mandibular morphological
measurements on planar radiographs have been limited.
Most previous studies have focused the intra- and inter-
rater reliability of the identification of the anatomical
landmarks that define the mandibular morphology on planar
radiographs in terms of intraclass correlation coefficient
(ICC) values.10,11 However, few studies have evaluated
quantitatively the intra-, inter-rater, and intersession reli-
ability of the determination of morphological parameters of
the human mandible from planar radiographs. Furthermore,
no study has quantified the effects of the identification of
bony landmarks on the reliability of morphological param-
eter determination without the effects of other factorssuch as superimposition of craniofacial structures, and
positioning of the head during imaging. In recent years,
cone-beam computerized tomography (CBCT) has been
used for routine evaluations of orthodontic cases12e14 and
implant cases.15,16 By taking advantage of computer simu-
lations, the repeated planar measurements can be made on
2D digitally reconstructed radiographs (DRR) synthesized
using the CBCT data. This technique has been used to study
the morphology of the human ankles17 and canine hips.18
With this technique the effects of the identification of
bony landmarks on the reliability of morphological param-
eter determination could be studied without the effects of
other factors such as superimposition of craniofacial
structures, and positioning of the head during imaging.
The purpose of the current study was to determine the
intra-, inter-rater, and intersession reliability of the deter-
mination of the morphological parameters of the human
mandibleusingCBCT-synthesizedcephalometric radiographs.
Materials and methods
Participants
Twelve participants (age: 37  7 years old; 6 males, 6
females) scheduled for orthodontic evaluation participated
in the current study. They were free from any temporo-
mandibular diseases and gave informed written consent as
approved by the Institutional Review Board. Each mandible
was scanned by a CBCT system (i-CAT, Xoran Technologies,
Ann Arbor, MI, USA) in the National Taiwan University Hos-
pital, with a slice thickness of 0.4 mm and an intraslice
pixel size of 0.4 mm  0.4 mm.
Generation of synthetic radiographs
The mandible within the CBCT volume was semi-
automatically segmented using a region growing with
thresholds method (Amira, Visage Imaging Inc., Berlin,
Germany; Fig. 1A). The segmented volume of the
mandible was then used to reconstruct polygonal-meshed
surface model of the mandible (Fig. 1B). On each
mandible model an anatomical coordinate system (ACS)
was defined by the epicondyles and the centers of the
edges of the two central incisors, which were digitized
manually using a self-developed program. The mandibular
ACS originated at the midpoint between the epicondyles,
with the z-axis directed to the right epicondyle, the y-axis
directed superiorly and normal to the plane defined by the
z-axis and the midpoint of the centers of the central
incisor edges, and the x-axis as the cross-product of y-axis
and z-axis, and directed anteriorly.19
Figure 1 (A) The surface model of the mandible was
reconstructed from the semiautomatically segmented pro-
cessing using a region-growing with thresholds method in
Amira. (B) On each mandible model an anatomical coordinate
system (ACS) was defined by the epicondyles and the centers of
the edges of the two central incisors, which were digitized
manually using a self-developed program.
Table 1 Anatomical landmarks on the mandible utilized in
this study.
Bony
landmark
Definition
Cd Condyle: The most protruding point
on the top of the mandibular condyle.
CdP Condyle posterior point: The most posterior
protruding point of the mandibular condyle.
GoP Gonion posterior point: The most posterior
protruding point of the ramus above the gonion.
Go Gonion: The midpoint of the contour connecting
the ramus and body of the mandible.
GoA Gonion anterior point: The most protruding
point of the mandible before gonion.
Me Menton: The center of the inferior border on
the mandibular symphysis.
Pog Pogonion: The most anterior point on the
contour of the chin.
Gn Gnathion: The center of the inferior border on
the mandibular symphysis.
B B point: The innermost point on the contour of
the mandible between the incisor and the bony
chin.
Li Lower central incisor edge: Incisal edge of the
mandibular central incisor.
CP Coronid process: The top point of the Coronoid.
Testeretest reliability of mandibular morphology 311The volume of the mandible was imported into a self-
developed software program for generating synthetic
cephalograms. The formation of the synthetic cephalogram
image of the mandible was achieved using a digitally
reconstructed radiography (DRR) generation technique,20
which modeled the radiography system as an ideal
perspective projection of a point source X-ray through the
bone onto the image plane. In the current study, the
radiographic projection model was set up to model a
commercially-available cephalogram system used in the
authors’ hospital, namely an Orthoceph OC l00 X-ray system
(Instrumentarium Corporation, Imaging Division, Tuusula,
Finland), with a pixel size of 0.29 mm  0.29 mm. The
principal axis of the projection was defined as the line
connecting the most prominent points on the medial sur-
faces of the bilateral condyles. The X-ray source was
positioned on the right side of the midsagittal plane of the
mandible at a distance of 1520 mm, whereas the image
plane was located 152 mm away from the left side ofmidsagittal plane, opposite the source. The DRR cephalo-
grams were generated by casting rays from the point source
X-ray of the radiographic projection model through the CT
volume of the mandible using a ray-tracing with trilinear
interpolation method.
Repeated measurement of morphological
parameters
Two dentists from National Taiwan University Hospital,
Taipei, Taiwan, one with 11 years of experience and the
other with 1 year of experience, participated in the cur-
rent study as examiners. Each of the synthetic cephalo-
grams of the 12 participants was presented to the two
examiners in a random order. The examiners were asked
to identify 11 landmarks that describe the key morpho-
logical features of the mandible (Table 1 and Fig. 2) using
the mouse pointer with the assistance of a graphics-based
user interface implemented in MATLAB (MathWorks Inc.,
MA, USA) on a personal computer. Each anatomical land-
mark was identified six times (trials) by each examiner
(Fig. 2). The retest was performed at approximately the
same time of the day on a subsequent day within a period
of 5 days after the first session, following the same test
procedure.
For each measurement the identified landmarks were
used to define line segments, length changes, and angular
changes which were used to calculate a total of 12
morphometric parameters describing the growth of the
mandible (Table 2), similar to parameters considered in a
previous study.21
Figure 2 The illustration of the mandibular bony landmarks
on cone-beam computed tomography-synthesized cephalo-
gram. The definition of each landmark and parameter can be
referred to in Tables 1 and 2.
Table 2 Parameters of anatomical landmarks on the
mandible utilized in this study.
Parameters Definition
Cd-Gn, Cd-B, Cd-Li Parameters related to the changes
of the total mandibular length
Go-Pog, Go-Gn,
Me-GoA
Parameters related to the changes
of the mandibular corpus length
Cd-Go, CdP-GoP,
Cd-CP
Parameters related to the changes
of the mandibular ramus length
Li-Me The anterior length of the mandible
Cd-Go-Gn Goion angle
Go-Gn-Li The angle of the lower anterior teeth
Table 3 The values of mean and standard deviation of each m
(ICC1) and inter-rater (ICC2) correlation coefficient and coefficient
of the measurements within/between senior and junior examin
indicate the differences in the measurement between examiners
Senior
Mean (SD) ICC1 CV Me
Cd-Gn 111.67 (5.12) 0.99 0.05 10
Cd-B 99.35 (4.16) 0.99 0.04 9
Cd-Li 93.39 (4.61) 1.00 0.05 9
Go-Pog 72.63 (4.71) 0.99 0.06 7
Cd-Go 59.86 (4.83) 0.99 0.08 6
Go-Gn 71.61 (4.53) 0.97 0.06 7
CdP-GoP 39.05 (3.96) 0.93 0.10 4
Me-GoA 60.77 (4.96) 0.95 0.08 5
Cd-CP 34.94 (2.90) 0.98 0.08 3
Li-Me 38.94 (5.14) 1.00 0.13 3
:Cd-Go-Gn 116.31 (6.49) 0.99 0.06 11
:Go-Gn-Li 79.27 (8.47) 0.99 0.11 8
*P values of the paired-sample t-test of the measurements between
** Significant difference in the measurement between examiners.
ICC1 Z intrarater correlation coefficient; ICC2 Z inter-rater correlat
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The values of the morphometric parameters measured from
each of the 12 radiographs were ensemble-averaged across
all participants for each examiner, giving means and stan-
dard deviations (SD). Testeretest reliability was assessed in
terms of coefficient of variation (CV) and ICC using a two-
way mixed-effects model (ICC3,1) for intraexaminer reli-
ability, and a two-way random-effects model (ICC2,k) for
interexaminer reliability.22 ICC values ranging from 0.81 to
1.00 indicate very good reliability; 0.61e0.80 good reli-
ability; 0.41e0.60 moderate reliability; 0.21e0.40 fair
reliability; and below 0.2 poor reliability.23 Paired-sample
t-test was used to address the differences of measure-
ments between examiners and sessions. Bland and Altman
plots were used to visualize the difference between ex-
aminers against the corresponding averaged value from the
two examiners for all synthetic radiographs.24 A one-sample
t-test was employed to assess whether the difference be-
tween the examiners was significantly different from zero.
A significance level of 0.05 (a Z 0.05) was set for all tests.
All statistical analyses were performed using SPSS version
19.0 (IBM Corp., Armonk, NY, USA).Results
Very good intrarater reliability for all parameters was found
by both examiners except for CdP-GoP measured by the
junior examiner (Table 3). The ICC values for all parameters
were >0.93 for the senior examiner whereas those for the
junior examiner were mostly >0.91 except for the ICC of
0.78 for CdP-GoP (Table 3). Mean CV values were <0.13 for
both examiners (Table 3).
Very good inter-rater reliability was found for most pa-
rameters with ICC values >0.84, slightly smaller than most
of the intrarater ICC values (Table 3). Only good reliabilityandibular morphometric parameter are listed. The intrarater
of variation (CV) were also reported to address the reliability
ers. The P values calculated from the paired-sample t-test
if the P values were <a value set at 0.05.
Junior Inter-rater
an (SD) ICC1 CV ICC2 P*
9.63 (5.53) 0.98 0.05 0.96 <0.001**
8.11 (4.27) 0.95 0.04 0.96 <0.001**
2.10 (4.12) 0.97 0.04 0.96 <0.001**
2.41 (4.78) 0.95 0.07 0.97 0.392
0.78 (3.87) 0.92 0.06 0.95 0.002
0.10 (4.85) 0.95 0.07 0.92 <0.001**
3.14 (3.49) 0.78 0.08 0.62 <0.001**
8.49 (5.52) 0.94 0.09 0.84 <0.001**
4.74 (2.82) 0.91 0.08 0.97 0.269
7.98 (5.07) 0.98 0.13 0.99 <0.001**
3.89 (6.28) 0.96 0.06 0.95 <0.001**
1.02 (8.88) 0.97 0.11 0.98 <0.001**
senior and junior.
ion coefficient.
Testeretest reliability of mandibular morphology 313was found for CdP-GoP (ICC Z 0.62; Table 3). There were
no significant differences between the examiners except
for Go-Pog (P Z 0.392) and Cd-CP (P Z 0.269; Table 3).
There were no systematical biases between examinersFigure 3 Bland and Altman plots of each mandibular parameters
of examiners. The broken lines indicate the 95% confidence intervon most parameters, except Go-Pog, Cd-Go, and Cd-CP
(Fig. 3).
Very good intersession reliability was found in both ex-
aminers for most parameters with ICC values >0.84. Onlyof the inter-rater. The unbroken lines indicate the mean values
als of the difference between examiners.
Table 4 The values of mean and standard deviation of each mandibular morphometric parameter measured by examiners are
listed. The values of intersession correlation coefficient (ICC) and coefficient of variation (CV) are also listed to test the reli-
ability between sessions within senior and junior individually. P values <0.05 indicate significant differences in the measure-
ments between sessions.
Senior Junior
Mean1 (SD)1 Mean2 (SD)2 ICC CV P Mean1 (SD)1 Mean2 (SD)2 ICC CV P
Cd-Gn 111.67 (5.12) 111.23 (5.31) 0.96 0.05 0.037* 109.63 (5.53) 109.66 (5.50) 0.98 0.05 0.858
Cd-B 99.35 (4.16) 99.01 (4.23) 0.94 0.04 0.100 98.11 (4.27) 97.61 (3.72) 0.96 0.04 0.022*
Cd-Li 93.39 (4.61) 93.59 (4.80) 0.94 0.05 0.501 92.10 (4.12) 91.89 (3.91) 0.98 0.04 0.161
Go-Pog 72.63 (4.71) 72.22 (7.35) 0.95 0.08 0.508 72.41 (4.78) 74.56 (4.17) 0.92 0.06 <0.001*
Cd-Go 59.86 (4.83) 59.77 (6.49) 0.88 0.10 0.883 60.78 (3.87) 59.32 (4.95) 0.84 0.07 0.002*
Go-Gn 71.61 (4.53) 71.01 (7.75) 0.92 0.09 0.416 70.10 (4.85) 72.56 (4.42) 0.92 0.07 <0.001*
CdP-GoP 39.05 (3.96) 38.98 (4.98) 0.89 0.11 0.824 43.14 (3.49) 41.42 (3.99) 0.74 0.09 <0.001*
Me-GoA 60.77 (4.96) 60.33 (7.91) 0.90 0.11 0.563 58.49 (5.52) 60.17 (5.10) 0.85 0.09 <0.001*
Cd-CP 34.94 (2.90) 35.34 (2.89) 0.94 0.08 0.005* 34.74 (2.82) 34.38 (2.97) 0.96 0.08 0.022*
Li-Me 38.94 (5.14) 39.40 (6.12) 0.97 0.14 0.227 37.98 (5.07) 38.17 (5.15) 1.00 0.13 0.142
:Cd-Go-Gn 116.31 (6.49) 116.22 (6.58) 0.98 0.06 0.730 113.89 (6.28) 112.41 (6.14) 0.97 0.06 <0.001*
:Go-Gn-Li 79.27 (8.47) 80.97 (15.04) 0.89 0.15 0.244 81.02 (8.88) 79.92 (10.9) 0.94 0.12 0.194
* Significant difference in the measurement between examiners.
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measured by the junior examiner (Table 4). Mean CV of
both examiners were <0.3 (Table 4). Between sessions,
there was no significant difference in most parameters for
the senior examiner except the Cd-Gn (P Z 0.037) and Cd-
CP (P Z 0.005), but there were significant differences in
most parameters for the junior examiner (Table 4).Discussion
The current study aimed to determine the intra-, inter-
rater, and intersession reliability of morphological mea-
surements of the mandible on CBCT-synthesized cephalo-
metric radiographs. The results showed that both the intra-
and interexaminer reliability of mandibular measurements
were very good for both the senior and junior examiners
(Table 3). Very good intersession reliability was also found
for both examiners (Table 4).
With the CBCT-based DRR approach, the effects of the
identification of bony landmarks on the reliability of
morphological parameter determination were studied for
the first time in the literature without the effects of other
factors such as superimposition of craniofacial structures,
and positioning of the head during imaging. Very good intra-
and inter-rater reliability were found for both examiners in
measuring most of the mandibular parameters considered
in the current study (Table 3). According to the Bland and
Altman plots for each mandibular parameters of the inter-
rater, there were systematical biases between examiners
on most parameters, except Go-Pog, Cd-Go and Cd-CP
(Fig. 3). This result means these parameters have more
repeatability and reproducibility between examiners. In
the cephalogram, the positions of Go, Pog, Cd, and CP are
actually easy to identify which leads to the results which
showed very good reliability between sessions for both
examiners (Table 4). The only exception was CdP-GoP
measured by the junior examiner, which showed only
good intra-, inter-rater, and intersession reliability. Onereason for this reduced reliability was related to the diffi-
culty in the identification of the most posterior protruding
point of the ramus (GoP). More extensive experience in
identifying this point would be necessary for a very good
reliability. Overall, the current results suggest that most of
the mandibular parameters can be measured very reliably
from cepholograms regardless of trials, examiners, and
measurement sessions.
The current study used the line segments defined by two
anatomical landmarks on the mandible and the angles be-
tween the line segments to describe the morphology of the
mandible. This approach better reflected common clinical
descriptions. For example, the mandibular length was
described by Cd-Gn, ramus length by Cd-Go, corpus length
by Go-Pog, and the goion angle by Cd-Go-Gn, etc. This is in
contrast to many previous studies in which only the reli-
ability of the identification of single anatomical landmarks
was studied.10,11 A more recent study did consider the
reliability of line segments similar to the three of the pa-
rameters considered in the current study, namely Cd-Gn,
Cd-Go, and Go-Pog.25 They found ICC values for Cd-Gn,
Cd-Go, and Go-Pog to be 0.82, 0.81, and 0.58 respectively
by orthodontics based on real life lateral cephalograms.
The corresponding values were 0.96, 0.88, and 0.92
respectively in the current study (Table 3). It is noted that
with real life cephalograms the effects of other factors
such as superimposition of craniofacial structures, and
positioning of the head during imaging could not be
excluded in the analysis by Ongkosuwito et al.25 Therefore,
the differences in the ICC values between the two studies
may be attributed to the effects from factors other than
the variations of the manual identification of the land-
marks. Therefore, the current reliability values can be
regarded as the upper bound of the determination of the
morphological parameters via manual identification of the
anatomical landmarks on cephalograms.
The CBCT-based DRR approach adopted in the current
study has been shown to be useful in determining the intra-,
inter-rater, and intersession reliability of morphological
Testeretest reliability of mandibular morphology 315measurements of the mandible. In the current study, the
mandible was positioned at the neutral position where the
principle axis of the imaging system passed precisely through
the two condyles and the median plane at a fixed distance
from the image plane. Therefore, the effects of only the
variability of the manual identification on the morphological
measurements could be studied. Although this does not
include the effects of all the other factors found in real life
images, the obtained reliability values are considered the
upper bounds. Thecurrent approachwill beuseful for further
studies examining one by one the effects of other factors
such as malpositioning of the head during imaging, and the
real life reliability for cephalogram-based measurements.
In conclusion, the current study showed that very good
intra-, inter-rater, and intersession reliability in measuring
mandibular morphological parameters could be achieved
via manual identification of the anatomical landmarks
without the effects of factors such as malpositioning of the
head during imaging. Further investigations using the cur-
rent DRR-based approach will be needed to evaluate the
individual effects of these other factors on the morpho-
logical measurements.
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